Abstract: Self-organization of cell-surface receptors in structurally distinct domains in the plasma membrane is of vital importance for correct cellular signaling. However, this dynamic process is difficult to study in cells with sufficiently high temporal and spatial resolution. Herein, two quantitative highresolution methods with single-molecule sensitivity are presented, i.e., fluorescence correlation spectroscopy (FCS) and pair-correlation photo-activated localization microscopy (pcPALM), which enable the non-destructive study of receptor diffusion and lateral organization at the nanoscale level. The methods are introduced and their application in studies of lateral organization of G protein-coupled receptors (GPCRs) is reviewed. Examples from studies on the lateral organization of opioid receptors are presented in order to illustrate the most recent advances in the field.
INTRODUCTION
Lateral diffusion of cell surface receptors and receptor sorting into specific compartments in the plasma membrane play an essential role in cell signal transduction. [1] [2] [3] [4] [5] [6] [7] Plasma membrane compartmentalization arises spontaneously, due to the natural tendency of lipids to separate into distinct liquid-ordered (L o ) or liquid-disordered (L d ) phases, forming submicroscopic domains where certain lipids (such as cholesterol and sphingolipids) and proteins can be concentrated while others can be excluded. The thus formed L o submicroscopic domains, frequently referred to as lipid rafts, are believed to participate in a number of vital cellular functions. [1] [2] [3] [4] [5] [6] [7] In spite of intense research that followed the original proposition of these domains, 1 in vivo existence of lipid rafts and their biological role remained difficult to confirm for many years. The main obstacle was the limitation of experimental techniques that were available for quantitative characterization of these dynamic structures under non-destructive (living cells) or minimally invasive (fixed cells) conditions.
To date, fluorescence microscopy imaging and spectroscopy techniques have provided compelling evidence for the existence of lateral heterogeneity of protein and lipid organization in intact cell membranes. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The aim of this paper is to present two quantitative methods with single-molecule sensitivity, fluorescence correlation spectroscopy (FCS) and pair-correlation photo-activated localization microscopy (pcPALM), and review their application for the study of lateral organization of G protein-coupled receptors (GPCRs). Examples from studies on opioid receptors are used to illustrate how concomitant application of these specialized techniques enables the quantitative characterization of the surface density, lateral diffusion in living cells and heterogeneous distribution in intact plasma membranes of opioid receptors at the nanoscale level.
FLUORESCENCE CORRELATION SPECTROSCOPY (FCS)
FCS is a quantitative method with single molecule-sensitivity that uses statistical analysis of fluorescence intensity fluctuations recorded over time to obtain information about molecular numbers and their transporting properties and/or molecular brightness distribution. [23] [24] [25] The principles of FCS were formulated about thirty years ago, [26] [27] [28] [29] [30] and the method was successfully applied for in solution studies of molecular diffusion and kinetics in the founding laboratories. More widespread application in biological systems became possible only after confocal optical arrangement and ultra-sensitive avalanche photodiode (APD) detectors were implemented. 31, 32 Application of these innovations significantly improved the signal-to-noise ratio, enabling single-molecule detection sensitivity, low excitation intensities and short measurement times. Building on these FCS AND pcPALM FOR THE STUDY OF GPCR LATERAL ORGANIZATION AT THE NANOSCALE LEVEL 1673 innovations, second and third generations of versatile instruments that combined FCS with confocal laser scanning microscopy (CLSM) were developed, 33, 34 which paved the way for a more widespread use of FCS in biomedical research. FCS measurements on live PC12 cells stably transformed to express mu-opioid receptors fused with the enhanced Green Fluorescent Protein (MOP eGFP ) are shown as an example (Fig. 1 B) . A schematic presentation of a typical FCS--CLSM setup is given in Fig. 1A . To induce fluorescence, the sample is illuminated by incident light delivered by a continuous wave laser. The laser beam is reflected by a dichroic mirror and sharply focused by the objective to form a mini- ature volume element, the size of which is determined by the diffraction of light. The volume from which fluorescence is detected is further reduced by a pinhole (confocal aperture) in the image plane, rejecting stray and out of focus light and keeping the Raman scattered light to a minimum. In this way, fluorescence is detected from a minute observation volume element that is about 2×10 -19 m 3 . This enables a submicrometer resolution and specific detection at defined loci, as well as quantitative and background-free analysis. The light emitted by fluorescing molecules passing through the confocal volume element is separated from the exciting radiation and the scattered light by a dichroic mirror and barrier filter, and transmitted to the single-photon avalanche photodiode (APD) detector, which responds with an electrical pulse to each detected photon. The number of pulses originating from the detected photons, recorded during a specific time interval, corresponds to the measured light intensity. Thus, in one FCS experiment, changes in fluorescence intensity in time are registered. The eGFP fluorescence was exited using the 488 nm line of an Ar/ArKr laser. The main dichroic beam splitter HFT KP 700/488 was used to separate the incident and emitted light. The emitted light was further spectrally selected using a band pass filter BP 505-530 nm in front of the APD detector (Fig. 1B) . Autocorrelation analysis showed that the average number of Rho6G molecules in the observation volume element was 2.3 (meaning that one typically observes 2 (67 % of the time) or 3 (33 % of the time) Rh6G molecules simultaneously, Fig. 1D and E), whereas the average number of observed MOPeGFP molecules is 9.2. The number of detected photons per molecule and second in Rh6G aqueous solution was CPMRho6G = 41.9 kHz, yielding a virtually noise-less autocorrelation curve (black in Fig. 1C and D) that is well fitted with the autocorrelation function for free 3D diffusion and singlet/triplet transition of a single component (red in Fig.  1D and E). In contrast, the eGFP brightness is an order of magnitude lower, CPMMOPeGFP = 3.8 kHz. The experimental autocorrelation curve is complex, showing several characteristic times (black in Fig. 1D and E), and could be well fitted using an autocorrelation function for free 2D diffusion and singlet/triplet transition of two components (red curve, see Eq. (2)).
FCS measurements and data analysis
In studies of protein lateral organization in plasma membranes by FCS, live cells genetically modified to express the receptor of interest fused with a fluorescent protein marker are typically used. 18, 19, 35, 36 This is somewhat disadvantageous for FCS because the quantum yield of fluorescent proteins is typically smaller than those of organic fluorophores or quantum dots, which necessitates longer measurement times. However, an obvious advantage of genetic labeling is that it obviates artifacts associated with covalent protein labeling and/or protein organization disruption due to multiple crosslinking with antibodies.
Before an FCS measurement can be initiated, confocal imaging is used to identify cells suitable for FCS analysis. For example, a confocal image of PC12 cells stably transformed to express the mu-opioid receptor fused with an enhanced green fluorescent protein (MOP eGFP ) is shown in Fig. 1B . When a suitable cell has been identified, which does not have another cell on top of it and is not too bright (overexpression of proteins can introduce artifacts in their lateral organization), fluorescence intensity scanning is performed in the axial direction (a so-called z-scan) to localize the apical plasma membrane of the cell (schematically depicted above Fig. 1C) . A fluorescence intensity profile generated in this way is shown in Fig. 1C . Thereafter, continuous wave laser light is delivered to a small area in the plasma membrane, and fluctuations in fluorescence intensity are recorded as a function of time ( Fig. 1 D and E, top) .
To evaluate the gathered data, i.e., to analyze time series sampled during one run, statistical methods are applied to detect non-randomness in the data. Typically, this is realized by temporal autocorrelation analysis, but other methods such as higher order autocorrelation functions, 37, 38 fluorescence intensity distribution analysis (FIDA), 39, 40 photon-counting histograms (PCH), 41, 42 fluorescence cumulant analysis (FCA), 43 and time-integrated fluorescence cumulant analysis (TIFCA) 44, 45 can be also applied. However, the temporal autocorrelation analysis of fluorescence intensity fluctuations is still the most frequently used method in FCS applications.
In temporal autocorrelation analysis, the normalized autocorrelation function G() is first derived:
that relates the fluctuation in fluorescence intensity measured at a certain time point t, δ ( ) ( ) ( ) , I t I t I t  which is given as the difference in fluorescence intensity I(t) and the mean fluorescence intensity over the recorded time-series   ( ) , It and its intensity measured at a later time, δ ( ) ( ) ( ) .
is plotted as a function of different lag times τ, also called autocorrelation times, to construct the corresponding autocorrelation curve ( Fig. 1D and E, bottom). In molecular systems undergoing stochastic fluctuations, random variations of G(τ) around the value G(τ) = 1 would be observed. For processes that are not random, an autocorrelation curve builds up with a maximal limiting value of G(τ) as τ  0, decreasing to the value of G(τ) = 1 at long times, indicating that correlation between the initial and the current property value has been lost. For simple systems, with only one chemical species and one process that underlie the fluorescence intensity fluctuations, autocorrelation curves with only one characteristic time are observed (Fig. 1D, bottom) . In complex systems, where more than one process underlies the fluorescence intensity 1676 JOVANOVIĆ-TALISMAN and VUKOJEVIĆ fluctuations, or chemical species with different diffusion times exist, more than one characteristic time could be observed if the processes are sufficiently well separated in time (Fig. 1E, bottom) .
To obtain information about the average number of molecules observed, the so-called non-uniform part of the normalized autocorrelation function is used, g(τ) = G(τ) -1. In this case, one observes a maximal limiting value of g(τ) as τ  0 is observed that decreases to the value of g(τ) = 0 at long times. The limiting value of g(τ), as τ  0 is then inversely proportional to the absolute concentration of the fluorescing molecules. Both the normalized autocorrelation function G() and its non-uniform part g(τ) are independent of the properties of the experimental setup, such as the laser intensity, fluorescence quantum yield and detection efficiency. 23 A comprehensive description of autocorrelation analysis and the derivation of the autocorrelation function for the simplest case, free three-dimensional (3D) diffusion in an isotropic medium, can be found at http://www.biotec.tu-dresden.de/cms/index.php?id=151. 46 Here, only the most relevant results for lateral diffusion (two-dimensional (2D) diffusion in a plane) are given.
To extract the information about molecular numbers (N) and lateral diffusion times ( D ), the experimental autocorrelation curves are fitted using autocorrelation functions derived for the appropriate model system. 23 For measurements performed at a plasma membrane, a model for free 2D diffusion with triplet contribution is typically used:
In Eq. (2), T is the average equilibrium fraction of molecules in the triplet state,  T is the relaxation time of the triplet state, i is the number of components,  Di is the diffusion time of the i-th component and x i is its relative amplitude (x i = 1). The diffusion times,  Di , of the investigated components are determined from the autocorrelation function (2) that best matches the actual, experimentally determined autocorrelation curve. 
where w xy is the so-called lateral radius, i.e., the radial distance of the focused laser beam at which the collected fluorescence intensity has dropped by a factor of e 2 compared to its peak value in the center. This parameter is derived in calibration measurements, using standard aqueous solutions of fluorescent molecules the diffusion coefficients of which are known. For this purpose, the fluores-cent properties of the standard dye need to match the properties of the fluorescent protein, and identical optical settings have to be applied for FCS measurements ( Fig. 1D and E) . Diffusion coefficients of organic fluorophores typically used as reference standards in FCS can be found at http://www.picoquant.com/technotes/appnote_diffusion_coefficients.pdf. 47 The lateral radius w xy depends on the instrumental setting, but the theoretical limit for a diffraction-limited spot size gives a range from 200-270 nm for typically used excitation wavelengths 488--633 nm. Thus, FCS examines a small area ((w xy ) 2 ) in the plasma membrane that is limited in size by the diffraction of light and the quality of the optics. It provides quantitative information about the local density of cell surface receptors and the lateral diffusion in the observed area in living cells. Even though the spatial resolution of FCS is limited by light diffraction, FCS can give information about the structural organization at the nanoscale level, i.e., beyond the spatial resolution limit that is imposed by diffraction of light, as will be shown later.
Probing the lateral organization in the plasma membrane at the nanoscale level by varying spatial scales FCS
Lateral heterogeneity and the presence of microdomains affect the diffusion behavior of molecules composing the plasma membrane. However, long-range diffusion measurements, such as fluorescence recovery after photobleaching (FRAP), which is the most widely used technique for measuring molecular diffusion in cellular membranes, have largely failed to recognize such differences. The main reason for this is that FRAP measurements are typically conducted on an ensemble of molecules, such that individual behavior of molecules cannot be distinguished. Owing to the high temporal resolution and single molecule sensitivity of FCS, it was recently shown that FCS measurements performed at varying spatial scales can provide information about local differences in the diffusion properties of cell-surface receptors in the plasma membrane. [48] [49] [50] [51] [52] Using this method, three models of diffusion could be distinguished by plotting the lateral diffusion time ( D ) as a function of the observation area size, which is proportional to (w xy ) 2 , and determining the intercept for a vanishingly small observation area (Fig. 2A) . A positive intercept was associated with partitioning in domains as the predominant mode of lateral organization, free diffusion yielded a zero intercept, and a negative intercept reflected receptor confinement by the cytoskeletal meshwork. [48] [49] [50] [51] [52] To corroborate this remarkable observation, single nanometric apertures of different sizes were combined with FCS to reduce the size of the observation area from which photons are collected and thus achieve the high spatial resolution that is necessary to characterize the underlying structures at the nanoscale level. 53 This approach verified the previous observations that FCS can give information about structures that are smaller in size than the spatial resolution limit that is imposed by light diffraction. [48] [49] [50] [51] [52] FCS at varying spatial scales was also shown to be superior to single particle tracking (SPT) because of the high temporal resolution, high sampling and the robust autocorrelation analysis that is much simpler than the tedious analysis of large numbers of individual trajectories, which is necessary for the accurate interpretation of SPT results.
The experimentally derived dependence of the autocorrelation time for MOP eGFP as a function of the size of the observation area is shown in Fig. 2B . The positive intercept suggests that opioid receptors partition between microdomains and the surrounding lipid bilayer. of barriers defining contiguous corrals (green), free diffusion (blue) and isolated domains (red), derived by numerical simulations according to the so-called FCS diffusion law. [48] [49] [50] [51] [52] [53] The shaded region indicates observation areas that are smaller in size than the area defined by diffraction of light. Direct FCS measurements in this domain cannot be performed by classical FCS, but the behavior can be inferred by extrapolation (dashed line) of the data set collected for areas that are larger in size than the diffraction limited area (solid line). B. Experimentally measured dependence of the lateral diffusion time of opioid receptors in live cells as a function of the observation area size. The size of the observation volume element was changed by changing the pinhole size (ph) in front of the detector. The observed area, expressed as (ph) 2 , is proportional to the actual observation area.
Limitations of FCS
Endogenous non-fluorescent protein molecules, protein constructs with irreversibly photobleached fluorophores or with fluorophores residing in dark states, and proteins associated with large immobile structures will all be invisible for FCS and will lead to an underestimation of the receptor surface density. Irreversible photobleaching of fluorophores may also induce errors in the measurements of the lateral diffusion time, yielding shorter values of  D , and hence larger diffusion coefficients. To avoid artifacts due to photobleaching, the incident laser intensity used for FCS measurements needs to be as low as possible. The appropriate laser intensity is usually selected so that the detected number of photons per molecule and second, so-called count per molecule, is not lower than 1 kHz (to ensure that the measured signal is coming from the fluorophore, rather than from autofluorescent molecules abundant in the cell), and the lateral diffusion time does not increase when the laser intensity is reduced.
FCS gives a dynamic readout, yielding characteristic times of processes underlying fluorescence intensity fluctuations. However, its localization precision is poor -FCS can localize the receptor in the plasma membrane with an uncertainty that is limited by the diffraction of light, which is about 200 nm at best. To visualize a receptor and determine its localization with greater precision, super-resolution fluorescence imaging techniques are required.
PHOTO-ACTIVATED LOCALIZATION MICROSCOPY (PALM) AND PAIR-CORRELATION PALM (pcPALM)
Reconstruction based super-resolution fluorescence microscopy imaging techniques such as photo-activated localization microscopy (PALM), 54 stochastic optical reconstruction microscopy (STORM) 55 and fluorescence photo-activation localization microscopy (fPALM) 56 use repetitive activation and imaging of single fluorophores. This process is reiterated over several minutes (tens of thousands of frames are typically acquired) allowing single fluorophores to be generally positioned with respect to one another at distances greater than the diffraction limit in any particular frame. The centers of the peaks are mathematically calculated for each frame based on the photon distribution from single fluorophores, and all frames are added together. This approach yields pointillistic images, where individual molecules can be localized with a high precision, typically 15-40 nm. 21, 22, [54] [55] [56] [57] [58] [59] [60] [61] The principles of reconstruction based super-resolution fluorescence microscopy imaging techniques were primarily defined in the seminal works of Michalet et al., 57 Thompson et al., 58 Yildiz et al. 59 and Betzig et al., 54 in which it was shown that the fluorescence intensity, i.e., the number of detected photons, determines the precision by which a single molecule can be localized. By showing that the accuracy of single molecule localization depends on the width of the point spread function (PSF) and the square root of the collected number of photons (n):
they showed that if n = 10000 photons, for a single fluorescing molecule could be detected, λ = 500 nm (ω xy  250 nm), the molecule could be localized with a precision of 1.3 nm. In order to acquire a sufficient number of photons from a single molecule, which are required for achieving the high localization precision in accordance with Eq. (4), these super-resolution techniques rely on switchable fluorescence reporters, which can cycle to/from a metastable dark state many times, in the case of photo-activatable fluorophores, or from one color to another in the case of photoconvertible fluorophores. By stochastically activating, localizing, and then photobleaching (in PALM) the switchable fluorescence reporters, a sufficient number of photons can be collected from single molecules, enabling their localization with a high precision.
In order to detect optimally the relatively faint emission from single molecules localized in the plasma membrane, pointillistic imaging techniques use total internal reflection fluorescence (TIRF) to generate an evanescent excitation wave that penetrates 100-200 nm into the specimen, leading to extreme rejection of the background fluorescence (Fig. 3A) . The sequence of events for determining the precise location of a single set of photo-activated fluorescent probes, for example the photo-activatable GFP (paGFP) 62 is as follows. Initially all molecules in the specimen are inactive (native non-emissive state; dark circles). A violet 405 nm laser is used to photo-activate a subset of molecules in the specimen. The number of activated paGFP molecules can be maintained low by ensuring the laser intensity is sufficiently weak at the focal plane. Photo-activation of the molecules occurs stochastically, where the probability of activation is proportional to the intensity of the activation laser. After photo-activation, the 488 nm laser is used to detect and record the position of the photo-activated molecules within the illu- Fig. 3 . PALM imaging. A. In order to optimally detect the relatively faint emission from single molecules, PALM uses total internal reflection fluorescence (TIRF) to suppress the background fluorescence. In TIRF, the sample is illuminated at an angle that causes total internal reflection of the incident light at the boundary of the two media. In this way, an evanescent excitation wave is generated that propagates across the boundary surface, penetrating approximately 150 nm into the specimen. TIRF enables the simultaneous imaging of the complete basal plasma membrane, as schematically depicted. B. PALM image of the basal plasma membrane of a Cos7 cell expressing MOP paGFP , showing the localization of individual receptor molecules. Super-resolution images were generated by analyzing the datasets using standard PALM analysis. 54 The identified peaks were fitted using a cylindrically symmetric Gaussian point spread function, with the amplitude being proportional to the number of photons collected, and the standard deviation () depending on the localization precision. Peaks were grouped using maximum dark time due to blinking of 10 s for paGFP and group radius of 2.5 (98.8 % confidence level). The figures are rendered and show the probability to observe a molecule, with white color representing the highest value.
Scale bar: 5 µm. C. Magnified PALM image showing a detail from the image in B. Scale bar: 200 nm. minated area. During readout, the photo-activated molecules spontaneously photobleach, eventually reducing the number of active molecules in the specimen. A new set of molecules is photo-activated to repeat the sequence, which is reiterated until all molecules in the specimen have been exhausted. Typically, 10 3 -10 5 diffraction-limited digital TIRF images are acquired to yield one super-resolution image; data analysis is performed to identify single molecules over the background noise, calculate the PSFs for the identified single molecules, and determine their centers and localization precision.
Quantitative super-resolution imaging techniques can provide information about nanoscale spatial organization and help delineate mechanisms of various biological processes. [63] [64] [65] [66] [67] [68] [69] For this purpose, statistical methods for spatial analysis, such as the Ripley K-function, the Getis and Francklin L-function or pair correlation function (PCF) are typically used to derive various cluster parameters. 70, 71 Recently developed, pair-correlation PALM (pcPALM) utilizes autocorrelation analysis to separate contributions from a) stochastic clustering (single fluorophores often appear in multiple frames and not sequentially due to variable intervals of fluorescent blinking) and b) protein clustering to provide quantitative information about lateral protein organization. Typically, 2-5 μm wide square regions of interest (ROIs) are selected. The size of the ROI depends on the size of the continuous plasma membrane region of the cell. Generally, a larger ROI and higher number of localized molecules per m 2 lead to better statistical analyses. The spatial dispersion of identified molecules in the selected ROI is quantified in order to determine whether the investigated molecules are randomly distributed or clustered. For regions that indicate clustering, protein autocorrelation contribution is fit to an exponential function, and pcPALM analysis yields important clustering parameters: cluster size, number of detected proteins in the cluster and increased local density in clusters.
PALM has advantages over FCS because it enables the study of cell surface protein organization with nanoscopic (15-40 nm) precision across the complete basal plasma membrane, rather than in a very small area. For example, the lateral distribution of MOP paGFP in transiently transformed Cos7 cells is shown in Figs. 3B and C. Furthermore, pcPALM 21, 22 enables the quantitative characterization of the lateral organization of proteins in the plasma membrane in terms of extent of protein clustering, protein density per cluster, and cluster size distributions. Pair-correlation analysis of MOP paGFP PALM datasets in transiently transformed Cos7 cells is currently under way in our lab. Preliminary results suggest that opioid receptors largely reside in clusters that are smaller than 100 nm in size, characterized by a MOP paGFP surface density that is several times larger than in the surrounding lipid bilayer. Thus, PALM and pcPALM suggest that MOP paGFP partitions in domains, which is in line with the FCS results (Fig. 2B) .
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Limitations of PALM and pcPALM
Quantitative pointillistic microscopy techniques provide precise information about molecule localization and quantitatively characterize their patterning in the plasma membrane, which yields information about cluster size and protein density per cluster distributions. However, they do not give any information about the molecular dynamics in the plasma membrane. A recently developed technique, single-particle tracking PALM (sptPALM), can be used for dynamics studies in live cells. 72 In sptPALM, raw data are acquired under continuous activation/excitation while the cells are maintained under physiological conditions. The image of each molecule is fit with a Gaussian to yield nanometric localization precision; molecular positions in consecutive frames are then associated with trajectories based on their proximity, and diffusion parameters are extracted. Points-accumulation-for-imaging-in-nanoscale-topography (PAINT), an earlier method that unifies diffusion with tracking, also provides both high localization precision and dynamic information. 73 As in FCS, endogenous non-fluorescent protein molecules and protein constructs with irreversibly photobleached fluorophores will be invisible, yielding an undervalued estimation of total protein surface density by quantitative analysis of pointillistic microscopy data. In contrast, multiple observations of the same protein molecule may cause an overestimation of protein density -photophysical processes leading to a spontaneous molecular transition to/from dark states cause fluorophore blinking, which may be erroneously interpreted as the appearance of another molecule. Statistical methods 21, 22 and proper photophysical characterization of fluorescent probes 74, 75 reduce issues associated with multiple appearances of a single molecules.
GPCR LATERAL ORGANIZATION INVESTIGATED BY FCS AND PALM
G protein-coupled receptors (GPCRs), which consist of approximately 800 members, represent one of the largest receptor groups in the metazoa, GPCRs account for approximately 2 % of the coding genes in the human genome and regulate a myriad of physiological processes through the binding of structurally diverse ligands, such as ions, amino acids, biogenic amines, alkaloids and peptides. They are also the largest class of molecular targets with proven therapeutic value: more than 50 % of today's pharmaceuticals target GPCRs. In spite of their great relevance and intensive research, detailed mechanisms of GPCR functions are still not sufficiently understood at the molecular and cellular level. Hence, concerted efforts were embarked on several years ago to unravel crystal structures of GPCRs and identify molecules that modulate their function. This resolute effort has led to the determination of the crystal structure of 16 distinct GPCRs, which was recently reviewed by Katritch et al. 76 In parallel, intensive effort is continuously being dedicated to understanding cellular mechanisms that regulate the surface density GPCRs and their lateral organization, i.e., oligomerization and sorting to specialized compartments in the plasma membrane. [77] [78] [79] The latter mechanism is of particular interest because it may diversify the GPCR repertoire without the need for creating new genetic protein variants. For many years, receptor oligomerization and sorting to lipid rafts were investigated using standard biochemical techniques. However, these methods are largely disruptive, may introduce artifacts, and do not provide sufficient information about the dynamics of these processes. This, in turn, necessitates live cell studies and the application of minimally invasive techniques, such as high-resolution fluorescence microscopy imaging and correlation spectroscopy.
The earliest FCS studies of GPCR dynamics, interactions in solution, 80 and interactions on isolated cell membranes 81 date back to 1999, whereas the first application on live cells was reported in 2002. 82 The same year, FCS was used to characterize the photo-induced oligomerization of bacteriorhodopsin in giant unilamellar vesicles (GUVs), which were identified through the change in the mobility of bacteriorhodopsin upon photo-activation. 83 These pioneering studies demonstrated the usefulness of FCS for quantitative characterization of ligand--receptor interactions, which paved the way for future applications. In the past 10 years, numerous studies were dedicated to the quantitative characterization of the lateral organization of different GPCRs in different cell lines. The effect of selective agonists, selective antagonists, and non-specific substances (such as lipids, ions and alcohols (ethanol in particular)) on GPCR surface density, oligomerization status, association with lipid rafts and cellular trafficking have also been studied in detail. In particular, the following representatives of GPCR were investigated: the 5-hydroxytryptamine or serotonin receptor 5-HT 2A , adrenergic receptors α 1b -AR and β 2 -AR, muscarinic receptors M 1 and M 2 , and dopamine receptor D 1 in human embryonic kidney 293 (HEK293) cells; 36 95 In comparison, the number of GPCR-dedicated PALM studies is still limited, with only two publications to date, in which the lateral organization of adrenergic receptor β 2 -AR was investigated in HeLa, CHO and cardiomyocyte H9C2 cells. 64, 96 These studies suggested that β 2 -AR is partially pre-associated in nano-scale-sized clusters only in the cardiomyocyte H9C2 cells, but not in HeLa and CHO cells. Cholesterol sequestration and removal was shown not to affect β 2 -AR clustering, whereas the inhibition of actin polymerization decreased their formation, suggesting that β 2 -AR clustering is influenced by the actin cytoskeleton, and that β 2 -AR is not related to lipid rafts.
CONCLUSIONS
Studies of GPCRs lateral organization by FCS 18, 19, 36, [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] revealed that there are significant differences in the lateral organization, dynamics, and selectivity to ligands, modulators, and downstream signaling effectors between the investigated GPCRs. Furthermore, these studies revealed that lateral organization of GPCRs may be cell-type specific, and suggested that differences may persist even in the same subfamily of GPCRs, where different subtypes share a high degree of sequence similarity (> 60 % in the case of opioid receptor subtypes). 18, 19, 84 Hitherto published FCS and pcPALM results support the general notion that the complexity of GPCR lateral organization is vast. However, some unifying concepts seem to be slowly emerging. For example, FCS studies showed that several GPCRs dynamically partition between lipid-enriched domains and the lipid bilayer constituting the plasma membrane. Super-resolution PALM imaging reveals that GPCRs cluster in the plasma membrane, and pcPALM enabled the derivation of important lateral distribution parameters, such as the local cluster density (a unitless number that compares the density of proteins inside and outside the clusters), cluster radius, and number of detected proteins per cluster. Thorough understanding of GPCR lateral organization in the plasma membrane and the dynamical mechanisms that uphold these dissipative structures is essential for a quantitative understanding of GPCRs function, which appears to be finely tuned by the immediate local lipid environment.
The work presented herein demonstrates that FCS and pcPALM are suitable for the quantitative characterization of the spatial heterogeneity GPCRs, and that these methods provide complementary information. PALM offers visual information that is intuitively easy to understand and is of immense value for the interpretation of temporal autocorrelation curves recorded by FCS, which may be challenging at times. Thus, FCS and pcPALM seem to be the methods of choice for quantitative studies of protein organization in cellular plasma membranes, but more standardized approaches in experimental design and data analysis are required to enable future application of these techniques on a larger scale. In spite of these difficulties, which will be resolved in the course of future applications, these techniques hold the promise to bring closer the quantitative characterization of protein-lipid interactions, and their dynamic organization in the plasma membrane.
